Chinese marine strata were mainly deposited before the Mesozoic. In the Tarim, Sichuan and Ordos Basins, the marine source rocks are made of sapropelic dark shale, and calcareous shale, and they contain type II kerogen. Because of different burial and geothermal histories, the three basins exhibit different hydrocarbon generation histories and preservation status. In the Tarim Basin, both oil and gas exist, but the Sichuan and Ordos Basins host mainly gas. The Tarim Basin experienced a high heat flow history in the Early Paleozoic. For instance, heat flow in the Late Cambrian varied between 65-75 mW/m 2
INTRODUCTION
Chinese marine carbonate sequences were mainly deposited before the Mesozoic. Because of this long burial time, they have experienced multiple phases of thermal and tectonic events, which in turn have brought multiple periods of hydrocarbon generation, secondary oil cracking, remigration and re-accumulation in reworked structures (Liang et al., 2002; Wang et al., 2002; Wang et al., 2006; Dai et al., 2008; Hao et al., 2008; Liu et al., 2008; Liu et al., 2009) . Phase states of hydrocarbons are rather different among the typical Chinese marine basins (i.e. Tarim, Sichuan and Ordos Basins). In the Sichuan and Ordos Basins, hydrocarbons were dominated by natural gas, with burial depths varying from 200 m (204.5m for gas pay in Member of Lower Triassic Jialingjiang FM in Weiqian1 well) to 6590 m (6593m for Upper Permian Changxing gas layer in Yuanba-2 well) (Xu et al., 1989; Wei et al., 2008) , while both liquid and gaseous phases exist in the Tarim Basin (Liu et al., 2007; Wang et al., 2008) . In an extreme case, the discovery in the Cambrian at burial depth of 8400 m by Tashen1 well still contains liquid hydrocarbons. This raises the question whether the different characteristics of source rocks or the different basin thermal histories have caused the fluid phase difference. This research casts a light on the controlling factors of hydrocarbon fluid phases by discussing the processes for hydrocarbon generation and alteration in the three basins, incorporating understandings of kerogen types, hydrocarbon precursors, basin thermal histories, source rock maturity, burial histories and hydrocarbon generation simulations in these basins. The discussion is further constrained by results from regional structure evolution and gas geochemistry.
GEOLOGICAL SETTING OF CHINESE MARINE SEDIMENTARY BASINS
Basically, the Chinese continent is characterized by multi-block assembly, as it is located at the special composite junction of global megatectonic dynamic system. The preserving evolution under multistage activities and unstable conditions presents globally distinctive geologic features and forms the geologic particularities of marine oil and gas formation (Jin, 2005) . At present, the oil and gas sourced from the marine source rocks are mainly distributed in the Tarim, Sichuan and Ordos Basins (Figure1) . The Chinese continent as a composite body is composed of more than 20 blocks with various sizes and orogenic belts between blocks (Ren, 1994) . The sedimentary basins in China, which are controlled by multistage tectonic movements, are mostly superimposed basins with complex structures, poor stability and large-scale marginal active belts (Jin and Wang, 2004) . The complex tectonic movements led to the continental margin deposition in Paleozoic and Mesozoic times, and most platforms had been folded to form mountains.
The Tarim Basin is a giant superimposed complex basin, with an ancient crustal basement, composed of the Paleozoic cratonic and Meso-Cenozoic foreland basins. The basin is characterized by a Paleozoic marine deposition in a cratonic setting in its central parts and Mesozoic-Cenozoic non-marine deposition in the four surrounding rejuvenated foreland basins, i.e. Kuqa, Awati, Southwest Tarim and Southeast Tarim (Jia and Wei, 2002) .
The Sichuan Basin received marine deposition from Pre-Sinian to Middle Triassic and the continental deposition in the following times. In Early Permian, there existed a transitional marine to continental depositional environment.
The Ordos Basin is a petroliferous cratonic basin with stable subsidence, depression displacement, visible torsion, and multi-cycle deposition. The Upper Paleozoic unconformably overlies the Ordovician. From Ordovician to Carboniferous and Permian, the basin underwent a transition from marine to transitional and continental depositional settings.
EXPERIMENT
Core and outcrop samples in this study were collected from the Tarim, Sichuan and Ordos Basins. Mean random vitrinite reflectances (Ro or Rb %) for the source rocks from the drilled holes were measured using a microscope photometer and the vitrinite reflectance data were used to reconstruct the thermal history of the sedimentary basin as they record maximum paleo-temperatures. The apatite samples from the core or outcrop sandstones were examined by fission track analysis and used to calibrate the time at which a sedimentary section began to cool from the maximum paleotemperatures. Total organic carbon (TOC) was measured with a LECO CS-334 elemental analyzer. The consistent integrated thermal history of sedimentary basins was interpreted by combination of Ro with apatite fission track data.
All gas samples analyzed in this study were pure gases collected directly from the wellheads in the producing fields in the three basins after first flushing the lines for 15-20 min to remove air contaminants. A 25 cm diameter stainless steel cylinder (about 1000 cm 3 ) equipped with two shut-off valves with a maximum pressure of 22.5 MPa was used to collect the gas samples. The pressure inside the container was kept generally higher than 5.0 MPa. After collecting samples, the bottle was inserted into water for a leak check. The chemical compositions of the natural gases were analyzed by a HP5890-II gas chromatographer equipped with a CFAII+PORAPAK Q (φ=3mm ×1.5m) and a 5 Angstrom molecular sieve (φ=3mm × 3m) column and a Flame Ionization Detector (FID; 250 o C). High purity H 2 served as the carrier gas. Stable carbon isotope compositions of the gases were measured with a Finnigan MAT-252 mass spectrometer. The analytical conditions were as follows: gas chromatographic column: Porapak Q (2 m); oven temperature from 40 o C to 160 o C at a heating rate of 15 o C/min; pure helium as the carrier gas. The analytical error in the d 13 C values was less than 0.3 ‰. Each sample was measured three times, and the results of the three measurements were averaged.
Samples with fluid inclusions were collected from the marine reservoirs of oil or gas in the Tarim, Sichuan and Ordos Basins. Both ice melting and homogenization temperatures for the fluid inclusions were measured using a microthermometry of Linkham Model THMSG 600. The charging history was reconstructed by combining the homogenization temperatures of fluid inclusions with the modelled burial history and hydrocarbon generation history. o C/km. Additionally, the gypsum and salt with a thickness of 800-1000m in the central and northwestern basin caused the low thermal gradient, since they have high thermal conductivity. It is interesting that the oil and gas pools are generally distributed in the area with high thermal gradient values, and the thermal gradient in the gas pool areas is higher than that in the oil pool. . After Early Cretaceous, the entire basin was uplifted and subjected to erosion, causing decline in thermal gradient and decrease of formation temperature (Ren, 1999; Ren et al., 2007) .
Difference in organic constituents and thermal maturity for marine source rocks in Chinese basins
The pre-Mesozoic source rocks in the Chinese marine basins were mainly deposited in the passive margin slope and ramp settings, or intra-cratonic basins, under a generally extensional tectonic setting ( Figure 5 ). These source rocks are mainly dark shale or calcareous mudstone, but locally coal measures of marine-continent transitional facies also exist (Jin, 2012) , such as Upper Permian Longtan Formation in the Sichuan Basin and Carboniferous-Permian coals in the Ordos Basin.
According to geochemical studies of outcrop and core samples, the main marine source rocks in the Tarim Basin were deposited in the Early-Middle Cambrian and Middle-Late Ordovician (Zhang, et al., 2000) , with TOC values of 0.5%-5.54% ( Figure  6 ), and the kerogen type is I-II 1 , hydrocarbon precursor is composed of dinophyceae and planktonic algae. Middle and Lower Cambrian source rocks have the lowest thermal maturity in the Bachu Uplift, with an equivalent vitrinite reflectance (VR o ) of 1.44-2.06%, and the highest maturity in the Manjiaer Sag, VR o up to 4.0% (Figure 7) . The Middle and Upper Ordovician source rocks have become mature in the Tazhong and Tabei Uplifts, with VR o between 0.81-1.31%, and no obvious correlation between VR o and depth is observed. However, this source rock is highly to over mature in the Tadong Uplift, as indicated by the average VR o of 2.06% in TD1 Well.
In the Sichuan Basin marine source rocks were deposited during the Early Cambrian, Early Silurian, and Late Permian. TOC varies between 0.5-8.0%, kerogen type is I-II 1 , and hydrocarbon precursor is plankton algae and benthic algae (Liang et al., 2009) . Lower Cambrian and Silurian source rocks are mostly highly to over mature, with VR o between 1.77-3.38%. The maturity of Upper Permian source rock varies significantly across the basin, in the Guanyuan-Wanyuan-Chengkou region, which is the tectonic front of Longmen-Micang-Daba uplifts, the source rock has only reached the early mature -mature stage, but in other regions it has reached the over mature stage (Figure 8 ). For example, the Upper Permian source rock in the Northeast Sichuan Basin has a VR o value of about 3.94% in the Puguang-5 Well. The paleo-temperature profile was constructed by taking into account the characteristics of the preserved stratigraphic succession and the information on timing of heating or cooling provided by deposition/denudation, measured Ro-depth profile, and apatite fission track data from wells of Tian1, TS1, SC1, E1, QC1, Yu3, Niu1,Qing36, and YC1 (modified after Ren, 1999; Ren et al., 2007; Yuan et al., 2007) , and then the simulating curve of thermal gradients at different geological stages was obtained with a linear least-square fit. The Middle-Upper Ordovician marine source rocks in the Ordos Basin are mainly distributed in the west and southwest parts of the basin, but absent in the central part of the basin (Liu et al., 2012) . The areal distribution of the source rocks resembles an L-shape. TOC varies between 0.22-3.3%, averaging 0.93%, and the main kerogen type is II 1 , and hydrocarbon precursor consists of acritarchs, algae and lower eukaryote. The present VR o value for marine source rock is generally more than 2.0%, in high to over mature stage (Figure 9 ) . The composition of thermogenic gas depends strongly on the type and thermal maturity of the organic matter and is commonly classified as coal-type or oil-type gas (Stahl and Carey, 1975; Galimov, 1988; Xu and Shen, 1996; Dai et al., 2005; Liu et al., 2007) . Oil-type gas that originated from sapropelic sources is characterized by a relative depletion in 13 C isotope as compared to coal-type gas derived from humic sources. The Bernard diagram is commonly used to classify natural gas origins. Figure  10 shows a modified Bernard diagram characterizing natural gases from the Sichuan, Tarim and Ordos Basins based on the C 1 /(C 2 +C 3 ) vs δ 13 C 1 . On the diagram, the gases from the non-marine sandstones in the central Sichuan Basin, foreland areas of Tarim Basin, and Ordos Basin follow the increasing maturity trend. Gases from the marine carbonate reservoirs in the eastern part of Sichuan, platform area in the Tarim Basin and Jingbian weathering crust in the Ordos Basin plot in an area close to or within the field for gases from type II kerogen, confirming their sapropelic origin. A modified model of C 2 /C 3 and d 13 C 2 -d 13 C 3 pattern is applied to distinguish primary cracking gas from secondary cracking of oil and gas, the results show that all natural gases in the Sichuan and Ordos Basins fell into oil and/or gas secondary cracking , while the gas in the Tarim Basin contains both primary cracking gas and secondary cracking of oil and gas (Liu et al., 2007) (Figure 11 ). The portion of oil-cracked gas depends on the preservation conditions of oil, and the paleo-uplift is favorable for oil existence.
Difference in hydrocarbon generation history and hydrocarbon accumulation processes in Chinese marine basins
Hydrocarbon accumulations in Chinese marine sequences are characterized by multiple source rocks and multiple phases of generation, with several periods of charging and migration, accompanied by secondary cracking and other liquid-gas phase changes, and the accumulations are subjected to readjustment later .
The Tarim Basin as a typical superimposed basin has a complicated thermal and burial history. The marine source rock has experienced multiple phases of hydrocarbon generation (Figure 12 ). The oil was derived from the Lower-Middle Cambrian source rock and accumulated in the Early-Middle Ordovician time. But the uplifting tempered the hydrocarbon generation and part of accumulations were destroyed during the Silurian-Devonian. The oil generation was resumed during the Carboniferous but maturity of the source rock changed little, staying in the oil and condensate generation phase for a long period of time. The maturity evolution of source rock accelerated during the Cretaceous, and earlier accumulated condensate cracked into dry gas. Some deep buried oil also cracked into gas. The Middle-Upper Ordovician source rock entered the oil generation window in the Carboniferous, and became mature in the Cretaceous, generating mainly oil and condensates, and is still in this stage at the present time. For example, according to oil-source correlation, fluid inclusion and burial history analysis and simulation, the Tahe-Lunan oil field experienced two episodes of oil-gas accumulation, whose corresponding periods are the Middle-Late Silurian and the Miocene-Pliocene, respectively. The corresponding ages are 429-415 Ma and 8-2 Ma, and average temperatures indicated by fluid inclusions are 80-100 o C and 115-135 o C, respectively (Ma et al., 2008; Wang et al., 2008) . Multiple episodes of accumulation history also exhibited in Tazhong region, Figure 11. δ 13 C 2 -δ 13 C 3 (%) versus C 2 / C 3 (%) diagram, distinguishing the gas types of oil-type gas from the Tarim platform, east and northeast Sichuan, and Jingbian weathering crust of Ordos Basin according to the modified model of the Prinzhofer's pattern (P: primary cracking gas, C-I: secondary cracking of oil, C-II: secondary cracking of oil and gas, C-III: secondary cracking of gas to gas, C+P: the mixing gas of primary cracking gas and secondary oil cracking gas).
where in the Tazhong-1 and Tazhong-3 wells, the tar sand reservoir of Ordovician formed in about 456-475 Ma. However, the Hercynian tectonic activities eroded the strata and destroyed most of the accumulations, indicated by the Ordovician strata from the Tazhong-2, -9, -19, -8, -16 and -45 wells. The data of the fluid inclusion measurement in the Silurian tar sands indicate that the hydrocarbons accumulated in the Early Devonian but subsequently were destroyed in the Late Devonian to form the Silurian oil sand preserved in the current time (Lu et al., 2008; Zhao, 2009) . But several of these accumulations are well preserved, such as Tazhong 11 field. Accumulations in Carboniferous reservoirs, represented by Tazhong 4 and Tazhong 6 fields, were formed in the Hercynian stage, corresponding to the Late Permian. These accumulations were immediately subjected to different extents of reworking, but oil was recharged after the Cretaceous. The accumulations were again reformed in the Himalayan stage, becoming condensates in the latest stage of the Himalayan Orogeny (Deng et al., 2000; Liu and Su, 2005) . The Sichuan Basin also shows multiple phases of hydrocarbon generation ( Figure  13 ). The Cambrian and Silurian source rocks in the basin entered the peak generation phase before Triassic, with corresponding accumulations forming in suitable paleotraps in the same period. But in the Middle Jurassic (Yanshanian Orogeny), the oil in the earlier formed accumulations cracked into gas, while the Permian source rocks had entered the peak generation phase, and the generated hydrocarbons charged reefal and lagoonal reservoirs. These hydrocarbons (oil and condensate) had cracked into gas during the late stage of Yanshanian Orogeny. During the Himalayan Orogeny, the structural trap formation and reworking of earlier structures have caused the readjustment and re-accumulation of natural gas derived from oil cracking (Jin, 2010) . For example, according to the phase analysis particularly on liquid-gas two-phased inclusions, three episodes of charging occurred for the gas accumulations in the Carboniferous Wubaiti Formation in the northeast Sichuan Basin. The first episode occurred approximately during Indosinian Orogeny, characterized by pure liquid phase inclusion. The second happened in the early stage of Yanshanian Orogeny, characterized by gas-oil two phased inclusions, and the third took place during the late stage of Yanshanian Orogeny and the early stage of Himalayan Orogeny characterized by gas and tar inclusions. Large scale oil and gas migration and accumulation occurred in the Late Triassic to the Middle Jurassic. As a reservoir formation, the oolitic Feixianguan Formation of the northeast Sichuan Basin hosts prevalently distributed tars, which are the remnants of oil cracking. There is also a positive correlation between tar content and the productivity and size of reserves (Xie et al., 2004) . The Puguang gas field is a giant accumulation, sourced through primary cracking (kerogen cracking) and secondary cracking (oil cracking) gas (Ma et al., 2007; Hao et al., 2008) , and preserved beneath evaporites.
The two sets of marine source rocks in the Ordos Basin had become mature in the Late Triassic, and oil accumulated at the slope zone of the central paleo-uplift. From the Jurassic to the Early Cretaceous, the increasing burial depth and rising thermal gradient caused the secondary cracking of oil (Figure 14) . The large scale uplift and compression in the eastern part of the basin during the Late Cretaceous had led to the gas migration toward the eastern basin and present-day accumulation as the Jinbian Figure 12 . Pattern of hydrocarbon generation history (a) and accumulation processes (b) for marine source rocks in the Tarim Basin.
Gas Field. In places where Carboniferous Fe bauxite cap rocks at the top of the Ordovician paleo-weathering crust were not developed, the coal-type gas sourced from Permian-Carboniferous coals could migrate along the unconformity, and to mix with locally derived oil-type gas (Figure 15 ). Figure 13 . Pattern of hydrocarbon generation history (a) and accumulation processes (b) for marine source rocks in the Sichuan Basin. In summary, most marine petroliferous basins in China have experienced multiple cycles of tectonic evolution. Oil and gas accumulations formed in the early stages of basin development tend to have low probabilities to survive under several folding and faulting activities . Only those that were formed relatively late could ultimately be preserved to form giant fields (Figure 16 ).
CONCLUSIONS
Although the Chinese marine carbonate sequences have multiple source rocks and multiple phases of hydrocarbon generation stages, the basin thermal history and source rock maturity are the main controlling factor of hydrocarbon phases. The kerogen type and hydrocarbon precursor imposes relative minor influence. Since the Tarim Basin has experienced a continuous decline of heat flow since the Paleozoic, oil in structural highs could be preserved, and thus both oil and gas have been discovered in the basin. The Sichuan Basin was also subjected to the decline of heat flow since Permian, but Figure 16 . Critical moments for the formation of marine oil and gas fields in China. Compaction and denudation were based on fission track data and thermal maturity model calibrated using measured bottom hole temperature and vitrinite reflectance data. The history of hydrocarbon generation and accumulation was based on fluid inclusion data.
the overall heat flow remained high. The Ordos Basin was previously a "cold basin", but the thermal event during the Cretaceous had caused the high maturity of the source rocks. Thus, the liquid phase hydrocarbons are difficult to be preserved in the Sichuan and Ordos Basins, and mostly cracked into gas, in contrast to the Tarim Basin.
